I N T R O D U C T I O N
It is now-well established that an enzyme can exist in the same tissue in a number of different varieties known as isoenzymes or isozymes; see for instance AtL~N (1961) , AM~UNG (1961) , CAHN et al. (1962) . All varieties catalyse the same reaction but differ slightly in their properties and can be separated by electrophoresis. The present study is concerned with the isozymes of lactic dehydrogenase (LDH) and malic dehydrogenase (MDH) of the adult frog, and the pattern of changes which take place in them during the course of development. We thought at first that -since enzyme synthesis is under close genetic control and certain genes become active only at certain temperatures -perhaps different isozymes would be produced if frog eggs were reared at low and high temperatures respectively. As will be seen later, this proved not to be the case. HAUPT & GIKRSBERG (1958) made a study of LDH isozymes in a variety of vertebrates and found two isozymes in amphibia (Xenopus laevis, Rana temporaria and Bufo vulgaris). The two authors illustrate in a figure two bands from heart, liver, kidney and somatic muscle tissue of Rana temporaria, apparently of equal strength, moving towards the anode. KAI'LAN et al. (1960) observed slight differences in the properties of LDH from skeletal muscle and heart in bull frog and grass frog as regards the effect of coenzymes and their analogues as well as different concentrations of substrate. NACE et al. (1961) using serological and electrophoretic methods claimed to have identified four different anode-moving isozymes in the oocyte of Rana pipiens.
They found that the two fastest moving ones were lost by the tailbud stage. Three of the four isozymes, they claimed, were found in the adult oviduct.
MATERIALS AND METHODS
The present work was carried out on Rana temporaria obtained locally from a supplier. Adults were kept in basins in a little water at 8 o C. Most of the work was carried out on spring frogs. When eggs were required, the adults were placed in groups at room temperature in a little water. The newly laid eggs were then transferred to tanks in which the water was controlled to +_ 0.1 ° C with mercury-toluene regulators. Some eggs were reared at room temperature. Each tank was aerated. LDH and MDH isozymes were separated in the following way. Specimens were dried superficially on filter paper, weighed and homogenised with a glass hand homogeniser with 0.029 M Tris buffer pH 8.9. The homogenate was centrifuged at 7000 r. p. m. for 10 minutes in a cold room and the supernatant was applied to strips of heavy Whatman filter paper (no. 17). These were inserted into the starch gel blocks. The starch gels were made up in 0.029 M Tris buffer pH 8.9 using Connaught starch. 0.1 M boric acid buffer pH 8.5 was used for the compartment solutions. Electrophoresis was carried out for 16 hours at room temperature (18 °) with a voltage drop of 6 V per cm. The L D H bands were visualised by the method of MA~Ii~R'r & MOLL~I~ (1959) and M D H using the modifications suggested by Mool~z & VILL~; E (1963) . Nitroblue tetrazolium was however replaced by neotetrazolium.
While this was primarily a qualitative study, some quantitative measurements were made to ensure that the bands staining up on the gel blocks did represent LDH activity. For these tests the starch gel blocks were run in the usual way and were then sliced across into 1 cm strips. These were frozen for 30 minutes in a deep freeze and then thawed for 2 hours at room temperature. On squeezing, the liquid readily came out from the strips. 0.2 ml of liquid from a strip was placed in a I cm cuvette together with 0.15 ml 0.015 M DPN, 0.3 ml 0.2 M sodium lactate and 2.35 ml 0.02 M Tris buffer p H 8.9, and the absorbtion followed at 340 mu (MAR~ERT & AV~LLA 1961) . These tests confirmed that the LDH activity coincided with the staining bands and was in fact confined to these bands. A considerable loss in enzyme activity was found using the above procedure. In view of the fact that CAHN et al. (1962) found marked differences in the sensitivity of mammalian L D H isozymes to pyruvate inhibition, we thought that this might provide a simple method for estimating each of the two frog L D H isozymes. We added sodium pyruvate to the agar obtaining the following final concentrations in the MAI<-KEI<~r & MOLLel< (1959) method: 1, 3, 5, 7, t0, 20 and 50 mM. 20 and 50 mM proved completely inhibitory for both isozymes. The lower concentrations affected only the fainter bands: band II was abolished in heart muscle whereas band I was abol.ished in skeletal muscle. We found no differential inhibitory effect.
RESULTS
In no case did more than two L D H bands stain up on the starch gel blocks. In the case of M D H we found only one band throughout this work. Under the conditions used the L D H bands were located at 1.5 cm (band II) and 5 cm (band I). The (1) Adult skeletal muscle, (2) adult heart muscle, (3) adult brain, (4) adult liver, (5) adult ovary, (6) fertilized eggs, (7) tail bud stage, (8) tadpole muscle, (9) late tadpole liver, (10) tissues of adult and embryonic stages; shaded bands are fainter than bla& ones; the arrows denote the origin fastest moving band is, in accordance with convention, called I and the slower moving one II. The single M D H band was located 5 cm from the origin. In no case was a cathode moving band found.
L a c t i c d e h y d r o g e n a s e r e s u l t s Organ differences
We found marked differences in intensity of bands I and II in the different tissues of the adult frog. This phenomenon is now well established in mammals where at least 5 LDH bands are present. Band II was intense in skeletal muscle and liver, Band I was very strong in cardiac muscle and also strong in brain, ovary and liver (Fig. 1) . There was a certain amount of variation in the relative intensity of the two bands in the case of liver. The other tissues however proved remarkably consistent.
Changes during development
In these experiments development took place at room temperature. Unfertilised eggs removed from their jelly gave the normal ovary pattern with most activity in band I and little activity in II (Fig. 1) . Two ceil, 4 cell and gastrula stages showed the same with almost all the activity in band I and very little in II. By the tail bud stage however band II disappears and from this stage on there is a stronger I band. There is no trace of II until much later when the hind legs appear. Then II reappears but band I is still the dominant band. In order to find out the organs in which II was being synthesized we dissected out various parts of the advanced tadpoles and ran them separately on the star& gel blo&s. Heart, leg muscle and tail all showed a single band at I. Liver, however, showed two clear bands (I and II) and the rest of the body (minus tail, legs, heart and liver) gave only band I. It is clear that synthesis of II begins in the liver. As with the adult liver we found variation in the relative intensity of the two bands. A few metamorphosing tadpoles were examined at the beginning of metamorphosis and towards the end when the tail was targely resorbed. Again only the liver gave two bands; the rest of the body (gut excluded) gave only band I. Identification of the bands in the case of tadpole gut was unsatisfactory as it was found that the gut contents caused extensive smearing and interference with the development of clear bands.
We were not successful in getting our frogs completely through metamorphosis but a young frog weighing 5 grams caught in the wild was tested. In this individual the heart still only showed one band (I); whereas the leg muscles now had two bands of which II was the stronger, so that at this stage the skeletal muscles seem to have reached their final adult pattern. The liver showed two bands of equal strength.
Effect of temperature
Newly fertilised eggs were reared at constant temperatures of 12 ° and 20 ° C, and different stages were tested up to the late tadpole stage. At both temperatures the results were similar to those described above, and there was no qualitative difference or marked quantitative difference (as shown by the intensity of the bands) between the individuals reared to the same stage of development at both constant temperatures.
Attempts to induce the early appearance of band II As was seen above band II is absent from the tail bud stage until the hind legs appeared. We carried out various experiments in an attempt to induce it.
Low oxygen concentration. Various authors (TI-IOMAS et al. [1960] , LAur~l~ [1961] ) suggested that some dehydrogenases may be more efficient under aerobic conditions, whereas others may be more efficient in an anaerobic situation. Late gastrulae which had been reared in closed containers for two weeks at room temperature (by which time they were active tadpoles) showed only band I on being tested.
Food. Very early tadpoles were divided into groups and each group was fed on a different food: liver powder, spinach, minced frog muscle, and another group was kept without food. When tested all showed the same result, namely, one LDH band in position I.
Hormones. ALLEN (1961) found that hormones had a very marked effect on the LDH isozymes developed in the mouse. We raised groups of early tadpoles in the presence of thyroxin, others in the presence of minced frog thyroid and others again in the presence of minced frog ovaries. On testing the LDH isozyme pattern was the same as in the controls (one band at position I).
Denervation. Br, omc (1965) found that when the nerve going to the leg muscles of the guinea pig was cut, the denervated muscle, when examined 11 weeks later, showed the LDH pattern characteristic of the muscle from the young animal. We cut the nerve going to the gastrocnemius muscle of the right leg in several frogs and kept them at l0 ° C. On killing one frog 8 weeks later we found that the muscle was slightly reduced in size and somewhat redder in colour than the muscle on the let~ leg. On testing, however, both legs gave the normal adult LDH isozyme pattern.
Regeneration. When the tail is cut off a tadpole, it will be regenerated. We tested regenerated tails and found that, like normal tails, they showed a single band in position I.
M a l i c d e h y d r o g e n a s e
Starch gel electrophoresis of adult frog tissues showed that in skeletal muscle, ovary, liver, brain and heart muscle only one band was present (Fig. 1) . The band was slightly more diffuse than either of the LDH bands. Unfertilised eggs, 4 cell stages, gastruIae and early and late tadpoles all showed a single band in the same location as in the adult although, as in LDH, there was clearly much more enzyme present aflcer gastrulation than before. J . N . R . GRAINGF.~ and Y. W. K tsNZ DISCUSSION Similar isozyme changes to those found during the development of the frog have been recorded in other groups of animals. MARIfERT & MOLLER (1959) and FLEXNER et al. (1960) showed that the LDH isozymes appear and disappear during the course of mammal development. MooRE & VILLEE (1963) observed the same phenomenon in echinoderms. FINE et al. (1963) also found this in the rabbit, cow, rat and chi&.
The disappearance of LDH isozyme II during early frog development could be explained by the absence of synthesis. The unfertilised egg contains both I and II, which may be either synthesised in the ovum in the ovary or alternatively may be taken up from nurse cells in the ovary or oviduct. The reappearance of ti in the late tadpole, first of all in the liver and later in skeletal muscle could be explained by the activation of the appropriate genes in these tissues. The fact that we were not able to activate them prematurely and thus produce the premature synthesis of II may indicate that developmental genes are responsible which are only "turned on" at the appropriate point in development. This activation may itself be under genetic control. Only in some way like this is it possible to account for the changes in skeletal muscle, which at first shows only band I, but in the adult has band II predominant with only small traces of I. Perhaps future work will elucidate the mechanism involved.
It is remarkable that rearing fertilized eggs at different temperatures seems to have no marked effect on the LDH isozymes. Changes in enzyme levels are amongst the most important alterations taking place during adaptation to temperature PREcH'r, CHRISTOWEI<SrN & HeNSEL (1955 ), GRAING~e, (1960 . It is also known that some genes (particularly in lower organisms) become active at some temperatures but not at others. So it might have been expected that some changes in isozymes would have been found when the organism develops at different temperatures. This is clearly not the case with LDH or MDH. However, these are only two of a multitude of enzymes in the cells, and what applies to them may not apply to others. SUMMARY 1. Two isozymes of lactic dehydrogenase (LDH) are present in the tissues of the frog Rana temporaria. The slow moving one (II) is abundant in adult skeletal muscle and lesser quantities are found in heart, brain and liver. The fast moving band (I) is predominant in heart muscle, liver and brain. 2. The adult ovary, unfertilized eggs, fertilized eggs and embryos at the 2 cell, 4 cell and gastrula stages show both bands but band II gradually gets fainter and disappears. From the tail bud stage until the tadpoles get their hind legs, only band I is present; the reappearance of II is due to synthesis of this isozyme in the liver during the late tadpole stage. Leg muscles at this stage show only band I. Immediately after metamorphosis however II appears in abundance in the leg muscles, and isozyme I declines relatively. 3. Various attempts were made to induce the early appearance of isozyme II during
